1. Introduction {#sec1-sensors-20-02864}
===============

Graphene, a two-dimensional material, was obtained by mechanical peeling in 2004 \[[@B1-sensors-20-02864]\]. Due to the excellent optical and electrical properties, graphene has a great potential in the field of photodetectors \[[@B2-sensors-20-02864],[@B3-sensors-20-02864]\], waveguides \[[@B4-sensors-20-02864],[@B5-sensors-20-02864]\], optical modulators \[[@B6-sensors-20-02864],[@B7-sensors-20-02864]\], supercapacitors \[[@B8-sensors-20-02864],[@B9-sensors-20-02864]\], sensors \[[@B10-sensors-20-02864],[@B11-sensors-20-02864]\] and so on. Scientists have found that the absorption rate of graphene with intrinsic monolayer thickness is about 2.3%, which is 50 times higher than gallium arsenide with same thickness and can be easily tuned by changing graphene conductivity in different gating voltage \[[@B12-sensors-20-02864],[@B13-sensors-20-02864]\]. The mainly reason is that strong light--matter interaction in graphene can be controlled effectively by tuning the Fermi level (E~F~) with electrostatic gating. Based on this excellent tunability of the absorption property \[[@B14-sensors-20-02864]\] through electrostatic gating, graphene can be used for designing electro-optical devices and has been widely applied in electro-optical modulators \[[@B15-sensors-20-02864],[@B16-sensors-20-02864],[@B17-sensors-20-02864],[@B18-sensors-20-02864],[@B19-sensors-20-02864],[@B20-sensors-20-02864]\]. Graphene modulators have shown relative high modulation depth in different structures \[[@B19-sensors-20-02864],[@B20-sensors-20-02864]\].

To provide subwavelength confinement and realize light manipulation on nanoscale devices, plasmonic waveguides based on surface plasmon polarizations (SPPs) wave have been researched a lot \[[@B21-sensors-20-02864],[@B22-sensors-20-02864],[@B23-sensors-20-02864],[@B24-sensors-20-02864]\]. To further reduce the high optical loss and increase propagation length, hybrid plasmonic waveguides, constructed by surface plasmon waveguides and silicon waveguides \[[@B25-sensors-20-02864]\], have been proposed. Since then, many kinds of hybrid plasmon waveguide structure have been researched to further enhance the waveguide performance \[[@B26-sensors-20-02864],[@B27-sensors-20-02864],[@B28-sensors-20-02864],[@B29-sensors-20-02864]\]. However, there are only few works concerned with the modulation properties based on a hybrid plasmonic waveguide and the lack ways to achieve deeper modulation performance. For the excellent tunability of graphene conductivity, devices based on graphene have a potential in the subwavelength waveguides \[[@B30-sensors-20-02864]\] and modulators \[[@B31-sensors-20-02864],[@B32-sensors-20-02864],[@B33-sensors-20-02864]\]. The modulation depth can be achieved at 0.03 dB/um \[[@B34-sensors-20-02864]\] and 0.6 dB/μm \[[@B35-sensors-20-02864]\] for different graphene hybrid plasmonic waveguide modulators.

Although there are many studies of the graphene-based modulator in recent years, there is no solution to obtain high modulation performance by the traditional method. In addition, for the better application in actual engineering, the higher bandwidth and lower energy consumption of modulators are also needed. In order to solve these problems, a novel graphene electro-optical switch modulator based on silver nanowire (GESMBOSN), by adjusting propagation length with a hybrid plasmonic waveguide, is proposed in the near infrared band (\~1550 nm). It is worth mentioning that the tunability of optical propagation length in graphene waveguides has been ignored in the past research of graphene modulators. Using tunablity of propagation length to design graphene switch modulators, the proposed switch modulator successfully achieves about 100% modulation depth. The modulator also realizes lower energy loss and larger 3dB bandwidth in the near infrared band. Besides, the excellent robustness provides more convenient conditions for actual production. Most importantly, as a new method to design graphene switch modulators, other different structure's graphene switch modulators can also apply this new method to achieve \~100% modulation depth.

2. Materials and Methods {#sec2-sensors-20-02864}
========================

[Figure 1](#sensors-20-02864-f001){ref-type="fig"} shows the three-dimensional and sectional model of the structure. The modulator is composed of a hybrid waveguide structure, which is constructed of an SiO~2~ substrate, graphene--Si--graphene heterostructure and Ag nanowire. Furthermore, the graphene in this modulator is above and below the Si. Moreover, the whole structure is surrounded by SiO~2~ cladding, which include the gap between upper graphene and Ag.

In this structure, h~SiO2~ denotes the height of SiO~2~ substrate and its value is 100 nm. R denotes the radius of Ag nanowire and the range of R is from 10 nm to 100 nm. The thickness of single-layer graphene is 0.7 nm and h~Si~ denotes the height of Si (h~Si~ = 10 nm). Furthermore, g denotes the gap between Ag nanowire and graphene, whose range is from 1 nm to 10 nm. Using the relationship between voltages and propagation length of this switch modulator, its length can be obtained and achieve about 100% modulation depth, which will be discussed in detail in Figures 6 and 7.

For the good optical properties of graphene, its Fermi level can be controlled by external voltages \[[@B36-sensors-20-02864]\]. The relationship between carrier density and Fermi level is calculated by E~F~ = ħV~f~(π·n~0~)^1/2^, where ħ is the reduced Planck constant. V~f~ denotes the Fermi velocity. For graphene, its Fermi velocity is 1.1 × 10^6^ m/s. By definition, n~0~ is the carrier concentration and its value can be calculated by n~0~ = ε~0~ε~r~(U + U~0~)/(d·e). U is the voltage applied to graphene. U~0~ is related to the Fermi level of graphene when no voltage is applied, and its value is usually taken as 0 V. ε~0~ refers to the dielectric constant in vacuum, and the general value is about 8.854 × 10^−12^ F/m. ε~r~ denotes the dielectric constant of substrate materials and e is electron charge; d presents the thickness of substrates, and whose value is equal to h~is~.

At temperature T = 296 K, the relationship between the Fermi level and electrical conductivity of graphene is given by Equation (1) \[[@B31-sensors-20-02864]\]. $$\sigma_{intra} = \sigma_{0}\frac{4E_{F}}{\pi}\frac{1}{ħ\tau_{1} - iħ\omega}$$ $$\sigma_{{int}{er}}^{\prime} = \sigma_{0}(1 + \frac{1}{\pi}\arctan\frac{ħ\omega - E_{F}}{ħ\tau_{2}} - \frac{1}{\pi}\arctan\frac{ħ\omega + 2E_{F}}{ħ\tau_{2}})$$ $$\sigma_{{int}er}^{''} = - \sigma_{0}\frac{1}{2\pi}\ln\frac{{(2E_{F} + ħ\omega)}^{2} + ħ^{2}\tau_{2}^{2}}{{(2E_{F} - ħ\omega)}^{2} + ħ^{2}\tau_{2}^{2}}$$ $$\sigma = \sigma_{{int}ra} + \sigma_{{int}er}^{\prime} + i\sigma_{{int}er}^{''}$$ where *σ* is the conductivity of monolayer graphene. *σ* is consisted by intraband conductivity *σ~intra~* and interband conductivity *σ~inter~*. *σ~intra~* denotes to the electrical conductivity generated by in-band free carrier transitions. *σ~inter~* refers to the electrical conductivity generated by free carrier transition between the bands. ω is the angular frequency of incident light and the incident wavelength is 1550 nm at here. τ~1~ and τ~2~ are the intraband and interband relaxation time of graphene, and the values are 10 fs and 1.2 ps, respectively \[[@B31-sensors-20-02864],[@B37-sensors-20-02864]\]. In addition, σ~0~ is equal to πe^2^/2ħ. [Figure 2](#sensors-20-02864-f002){ref-type="fig"} shows the image of conductivity as a function of the Fermi level in 1550 nm incident wavelength.

The relationship between conductivity and permittivity can be given by Equation (2):$$\varepsilon(\omega) = 1 + \frac{i\sigma(w)}{\omega\varepsilon_{0}d_{G}}$$ where d~G~ denotes the thickness of single-layer graphene. According to Equation (2), the real part of the dielectric constant decides the imaginary part of the conductivity, while the imaginary part of the dielectric constant decides the real part of conductivity. The refractive index can be given by n = (*ε*(ω))^1/2^. According to this way, the relationship about voltage and the refractive index of graphene can be shown in [Figure 3](#sensors-20-02864-f003){ref-type="fig"}.

The propagation length reflects the device's transmission properties, which is the length that the electric field decays to 1/e of itself. Larger propagation length means the device has better transmission ability. It is generally believed that the electric field intensity beyond the propagation length cannot be detected. The propagation length is calculated by L~m~ = λ/\[4πIm(N~eff~)\] \[[@B27-sensors-20-02864],[@B38-sensors-20-02864]\], where λ denotes the incident wavelength and N~eff~ refers to the effective refractive index of the modulator.

The normalized effective mode area A~eff~/A~0~ can be given by Equation (3) \[[@B38-sensors-20-02864]\]: $$A_{0} = \lambda^{2}/4$$ $$A_{eff} = \frac{W_{m}}{\max\left\{ {W(x,y\left. ) \right)} \right.} = \frac{\int{\int_{- \infty}^{+ \infty}{W(x,y)dxdy}}}{\max\left\{ {W(x,y\left. ) \right)} \right.}$$ where W~m~ refers to the total energy density and max {W(x,y)} represents the maximum energy density of the structure. Smaller A~eff~/A~0~ means stronger optical confinement in the devices. The consumed energy can be given by E = 1/4CV~p~^2^. C represents the total capacitance of the modulator, which is mainly composed of the quantum capacitance of graphene and the equivalent capacitance between graphene and Si. V~p~ refers to the peak-to-peak value of external voltage. The 3dB bandwidth of the modulator can be given by f~3dB~ = 1/2πτ~RC~ = 1/2πR~total~C, where R~total~ refers to the resistance of the whole modulator. It is composed of the graphene resistance and the contact resistance between graphene and metal electrode. The resistance of graphene can be generally ignored because of the small value (about tens of ohms) \[[@B39-sensors-20-02864]\].

The modal properties of the presented modulator are investigated numerically by using the finite element method package in RF module of COMSOL Multiphysics 5.4 software \[[@B40-sensors-20-02864]\]. The mode analysis with scattering boundary is used to simulate the open boundary condition and to calculate relative propagation length and the normalized effective mode area of the structure. In this simulation, the all device size is set 400 nm × 400 nm in x and y direction. The incident wavelength λ is 1550 nm. The relative permittivities of Ag, Si and SiO~2~ at 1550 nm incident wavelength are − 129 + 3.3i, 2.25 and 12.25, respectively \[[@B27-sensors-20-02864]\].

3. Results and Discussion {#sec3-sensors-20-02864}
=========================

In order to optimize the size of modulator, the normalized effective mode area and propagation length need to be calculated. By discussing the values of the normalized effective mode area and propagation, the optimal size of gap g and radius R can be decided.

It can be concluded from [Figure 4](#sensors-20-02864-f004){ref-type="fig"} that the change trend of A~eff~/A~0~ becomes larger with the increase of g. The main reason is that when g is large, the interface area between dielectric Si and Ag nanowire is not large enough to confine the light into a very small scale. The L~m~ becomes larger with the increase of g. The main reason is that the increase of g can bring the smaller interface area between dielectric Si and Ag nanowire, which will decrease the energy loss of incident light and bring the increase of L~m~. [Figure 5](#sensors-20-02864-f005){ref-type="fig"} shows that L~m~ will increase with the larger R. The key factor is that the larger radius will cause a smaller loss of incident light and improve the propagation length. By contrast, larger R reduces the degree of light localization and results in a larger A~eff~/A~0~. In fact, the results shows that larger L~m~ and smaller A~eff~/A~0~ are contradictory in the devices. In order to obtain the larger L~m~ and keep A~eff~/A~0~ as small as possible, the g is set to 1 nm and R is set to 50 nm. By tuning the refractive index of graphene, N~eff~ will be changed and the propagation length can be adjusted for this switch modulator.

According to the result in [Figure 6](#sensors-20-02864-f006){ref-type="fig"}, the 1.5 V (corresponding to 19.93 μm propagation length) is used as the light passing voltage and the 2.3 V (corresponding to 0.14 μm propagation length) is used as the light cut-off voltage. Considering the factor for keeping device sizes as small as possible and the results in [Figure 6](#sensors-20-02864-f006){ref-type="fig"}, the modulator length is set to 3 μm and about 100% modulation depth can be obtained. In this case, the modulation function of this switch modulator can be achieved. [Figure 7](#sensors-20-02864-f007){ref-type="fig"} shows the working principle of this switch modulator. When different voltages are applied to this switch modulator, different electric field distribution is shown in [Figure 7](#sensors-20-02864-f007){ref-type="fig"}b,d. The high electric field intensity in [Figure 7](#sensors-20-02864-f007){ref-type="fig"}b illustrates that the incident light can pass this modulator. By contrast, the low electric field intensity in [Figure 7](#sensors-20-02864-f007){ref-type="fig"}d illustrates that the incident light cannot pass this modulator. With this design method, voltages are applied to both ends of graphene, which can control the light absorption by tuning graphene, so as to realize the change of propagation length for an electro-optical modulator. As shown in [Figure 8](#sensors-20-02864-f008){ref-type="fig"}, [Figure 9](#sensors-20-02864-f009){ref-type="fig"} and [Figure 10](#sensors-20-02864-f010){ref-type="fig"}, the incident light will pass this switch modulator at 1.5 V. By contrast, the incident light will disappear in this switch modulator at 2.3 V. In this way, the function of signal modulation can be realized.

The total capacitance is mainly composed of graphene quantum capacitance and equivalent capacitance between graphene and Si. After calculation, the quantum capacitance of graphene is \~0.098 F/m and the equivalent capacitance between graphene and Si is \~0.0108 F/m. Due to the width and length of this switch modulator is 400 nm and 3 μm, its total capacitance is 10.66 fF. Moreover, 1.5 V and 2.3 V voltages are used to control the on and off for this switch modulator. According to Equation E = 1/4CV~p~^2^, the energy loss of the whole switch modulator is \~1.71 fJ/bit. The total resistance mainly includes graphene resistance and the contact resistance between graphene and metal electrode. Because the resistance of graphene is too small (about tens of ohms) and can be ignored, the total resistance is 177.93 ohms. According to Equation f~3dB~ = 1/2πτ~RC~ = 1/2πR~total~C, the 3 dB bandwidth of this switch modulator is 83.91 GHz.

4. Fabrication Error Tolerance and Manufacturing Process {#sec4-sensors-20-02864}
========================================================

It can be observed from [Figure 11](#sensors-20-02864-f011){ref-type="fig"}a that the change of g only has a little influence on the propagation length. The maximum error of propagation length is given by (max(L~m~) − min(L~m~))/max(L~m~). The maximum error of this switch modulator in 1.5 V is about 2.89% (g = 1 corresponds to the \~19.926 μm propagation length and g = 4 corresponds the \~20.502 μm propagation length). For the error of propagation length in 2.3 V, maximum error of this switch modulator is about 0.58% (g = 1 corresponds to the \~0.1396 μm propagation length and g = 4 corresponds to the \~0.1404 μm propagation length). As shown in [Figure 11](#sensors-20-02864-f011){ref-type="fig"}b, the maximum error of this switch modulator in 1.5 V is about 8.84% (R = 50 corresponds the \~19.926 μm propagation length and R = 54 corresponds to the \~21.688 μm propagation length). For the error of propagation length in 2.3 V, maximum error of this switch modulator is about 5.74% (R = 50 corresponds the \~0.1396 μm propagation length and R = 54 corresponds to the \~0.1477 μm propagation length). The results prove that this switch modulator has excellent robustness.

The switch modulator can be manufactured with general commercial SOI wafers. Firstly, two grating couplers can be produced at both ends of the device by deep reactive ion etching (The cycle of grating couplers is set to 780 nm in 1550 nm working length), which can achieve the phase matching and let the incident light enter or output the switch modulator. Then a layer of graphene can be transferred onto 100 nm SiO~2~. 10 nm thickness of Si upon the graphene layer is deposited as the substrate by atomic layer deposition, which can constrain the electric field distribution inside the device. Another layer of graphene can be transferred in the same way. Then, a SiO~2~ layer can be transferred onto graphene, which can be used as a cladding material for the gap between Ag and the upper graphene. In addition, the SiO~2~ layer is also used to grow a silver nanowire. Flipping the entire structure, by ion beam etching an SiO~2~ layer in a z direction definite size, a cylindrical hole can be etched out. After using the magnetron sputtering technology and masks technology, silver ions can fill empty slots in the cylinder to form the silver nanowire needed. Finally, flipping the entire structure to the original place, SiO~2~ cladding can be grown on the whole devices \[[@B41-sensors-20-02864],[@B42-sensors-20-02864]\]. In this way, an Ag nanowire can be put on the single sheet of graphene and we can precisely control the gap between silver and graphene.

5. Conclusions {#sec5-sensors-20-02864}
==============

In this paper, a novel graphene electro-optical switch modulator based on adjusting propagation length is proposed in the near infrared band. It successfully combines the advantages of hybrid waveguide and the tunability of graphene to adjust the propagation length, which achieves \~100% modulation depth for the switch modulator in theory. The numerical simulations at the wavelength of 1550 nm show that GESMBOSN has relatively low loss (\~1.71 fJ/bit) and very large 3 dB bandwidth (\~83.91 GHz). In addition, the wonderful robustness of this switch modulator is also conducive to the actual application. Most importantly, with this new method to design a graphene switch modulator, other graphene switch modulators can also have the potential to arrive at about 100% modulation depth.

We would like to thank H.Z, Q.S. and D.L. for their precious advice on this paper.

Conceptualization, M.C.; Data curation, M.C.; Formal analysis, M.C.; Funding acquisition, S.W.; Investigation, M.C.; Methodology, M.C. and S.W.; Resources, M.C.; Software, M.C.; Supervision, S.W.; Visualization, M.C.; Writing-original draft, M.C.; Writing-review & editing, M.C., S.W., Z.L., Y.W., T.H. and H.L. All authors have read and agreed to the published version of the manuscript.

This research is supported by the National Natural Science Foundation of China (Grant Nos. 61504100 and 61376099, 61434007), Key Technologies Research on Multilevel Cooperative Suppression for Transient Electromagnetic Interference of Power Master control chip and the Shanghai Aerospace Science and Technology Innovation Fund.

The authors declare that they have no competing interests.

![The stereograph and sectional view of graphene electro-optical switch modulator based on silver nanowire: (**a**) 3D layout structure (**b**) cross-sectional structure.](sensors-20-02864-g001){#sensors-20-02864-f001}

![Dependence of graphene conductivity on the Fermi level in 1550 nm incident wavelength.](sensors-20-02864-g002){#sensors-20-02864-f002}

![Dependence of graphene refractive index on the external voltage in 1550 nm incident wavelength.](sensors-20-02864-g003){#sensors-20-02864-f003}

![Dependence of normalized effective mode area and propagation length on the gap g at R = 50 nm: (**a**) A~eff~/A~0~ (**b**) L~m~.](sensors-20-02864-g004){#sensors-20-02864-f004}

![Dependence of normalized effective mode area and propagation length on the radius R at g = 1 nm: (**a**) A~eff/~A~0~ (**b**) L~m~.](sensors-20-02864-g005){#sensors-20-02864-f005}
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![Multi section graph of GESMBOSN's three-dimensional electric field in different external voltages: (**a**) 1.5 V (**b**) 2.3 V.](sensors-20-02864-g008){#sensors-20-02864-f008}
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![Electric field intensity distribution diagram of GESMBOSN in different external voltages: (**a**) 1.5 V (**b**) 2.3 V.](sensors-20-02864-g010){#sensors-20-02864-f010}
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